We report the initial observation of surface plasmon resonance ͑SPR͒ in a conducting metal oxide thin film. The SPR phenomenon has been observed by attenuated total reflection of near-infrared radiation and is in agreement with electron energy loss spectroscopy measurements. To date, only metals are known to exhibit surface plasmon resonance and only noble metals have practical application. According to theory SPR should be observable in any conductor. This theoretical prediction is verified in the present study. Surface plasmon resonance ͑SPR͒ spectroscopy is an optical technique used to measure changes in the index of refraction in a self-assembled monolayer or liquid in contact with a conducting thin film. SPR has been widely used to study binding interactions of biomolecules including antigen/ antibody, complementary DNA probes, enzyme/substrate, and receptor/ligand interactions. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] Although the theoretical principles underlying the SPR effect are applicable to any conductive material, only silver and gold thin films have been used in practical SPR instrumentation. Gold has been the metal of choice for SPR applications because its plasma resonance is observed in the visible part of the electromagnetic spectrum giving rise to its yellowish luster. There are isolated reports of SPR on other transition metals such as copper, 13-15 aluminum, 16 or nickel; 17 however, most metals have surface plasmon frequencies in the ultraviolet region Ͼ8 eV. In contrast, gold and silver have surface plasmon frequencies of 2.5 and 3.9 eV, respectively, 18,19 due to the fact that the d-electron bands of gold and silver are lower in energy than the conduction bands in these metals. Consequently, silver and gold have been the primary substrates for SPR research in over three decades of investigation.
Surface plasmon resonance ͑SPR͒ spectroscopy is an optical technique used to measure changes in the index of refraction in a self-assembled monolayer or liquid in contact with a conducting thin film. SPR has been widely used to study binding interactions of biomolecules including antigen/ antibody, complementary DNA probes, enzyme/substrate, and receptor/ligand interactions. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] Although the theoretical principles underlying the SPR effect are applicable to any conductive material, only silver and gold thin films have been used in practical SPR instrumentation. Gold has been the metal of choice for SPR applications because its plasma resonance is observed in the visible part of the electromagnetic spectrum giving rise to its yellowish luster. There are isolated reports of SPR on other transition metals such as copper, [13] [14] [15] aluminum, 16 or nickel; 17 however, most metals have surface plasmon frequencies in the ultraviolet region Ͼ8 eV. In contrast, gold and silver have surface plasmon frequencies of 2.5 and 3.9 eV, respectively, 18, 19 due to the fact that the d-electron bands of gold and silver are lower in energy than the conduction bands in these metals. Consequently, silver and gold have been the primary substrates for SPR research in over three decades of investigation. 20, 21 A recent innovation in SPR sensing applications using gold substrates has been the use of a Fourier-transform infrared ͑FTIR͒ spectrometer equipped with a -2 stage for the detection of surface plasmons in the near infrared. 22, 23 We have used this instrumentation to identify SPR in the well-known thin film conductor indium tin oxide ͑In 1−x Sn x O 3 ͒. Our data suggest that this observation extends to the full range of spand d-type conducting metal oxide ͑CMO͒ materials, better elucidating the fundamental physics of SPR as a general phenomenon in conductors.
The observation of SPR in a conducting metal oxide has implications for materials science as well as optical applications in sensing and analysis. The frequency of surface plasmons is related to the charge carrier density, which can be correlated with reflectance measurements as a probe of the surface conductance of thin films. Unlike noble or base metals, many CMOs exhibit a systematic range of composition due to differences in metal atom doping and oxygen content. The ability to tune the SPR frequency by changing the thin film preparation has exciting application in the study of the electronic and optical properties of engineered materials. The observations reported here extend the SPR method to materials that span a range of surface chemistries. [24] [25] [26] The basic experimental observation of the SPR effect in a well-known thin film material, indium tin oxide ͑ITO͒, has implications for a vast domain in solid state and surface chemistry, namely, thin film conducting metal oxides. SPR behavior is explained by the Drude free electron model, which describes the transport properties of electrons in any conducting material by portraying the conduction electrons as a noninteracting classical gas surrounding immobile positive ions. 18 In response to electromagnetic waves, the conduction electrons oscillate and create an electric field on the surface that has a limited penetration depth ͑skin depth͒. The collective response of the conduction electrons to the alternating electric field can be compared to a forced harmonic oscillator. The restoring force is the Coulombic attraction of the electrons with the nuclei in the lattice. The resonant frequency of the forced harmonic oscillator is also known as the plasma frequency. Figure 1 shows a conducting thin film surface, which has a plasma frequency ͑ p ͒ described by the Drude free electron model as
where n is the charge carrier density, e is the charge on the electron, is the effective mass, and 0 is the permittivity of vacuum. Below the plasma frequency incident radiation is reflected as shown in Fig. 1 giving rise to the shiny appearance of metals and the reflective properties of conducting metal oxides in the infrared. At the plasma frequency the incident radiation is absorbed giving rise to the plasma absorption responsible for the SPR effect. A longitudinal surface plasmon can be excited at sp = p / ͱ͑1+ s ͒, 18 where s is the dielectric constant of the sample region in contact with the conducting film shown in Fig. 1 . The measurements reported here consist of air contact with the ITO film so that s ϳ 1 and sp = p / ͱ 2. Above the plasma frequency incident radiation is transmitted in transparent conducting oxides such as ITO or absorbed by interband transitions in d-type semiconductors and metals.
The initial demonstration of surface plasmon resonance in conducting metal oxide thin films focuses on indium tin oxide as a innovative SPR substrate. ITO is a member of the class of materials known as CMOs, which encompasses both degenerate wide band gap semiconductors ͑sp-type doped materials such as tin-doped indium oxide, fluorine-doped tin oxide, and aluminum-doped zinc oxide͒ and semimetals ͑d-type materials such as iridium oxide and ruthenium oxide͒. Typically, the charge carrier densities of CMOs are in the range of 10 20 Ͻ n Ͻ 10 22 conduction electrons/ cm 3 ͑Ref. 27͒ intermediate between metals such as gold or aluminum ͑n ϳ 10 23 ͒ or typical semiconductors such as doped silicon ͑n ϳ 10 19 ͒. Based on these values, Eq. ͑1͒ indicates that the plasma frequency of conducting metal oxides would be expected to appear at ϳ1 eV in the near-infrared region of the spectrum.
There have been a number of studies that led to the expectation that CMOs such as ITO should show the SPR effect. [27] [28] [29] [30] [31] [32] Studies of ITO and other CMOs using variable angle reflectance FT near-infrared reflectance spectroscopy demonstrated a consistent surface sensitive decrease in the reflectivity of the substrate for both sp-type and d-type CMOs. 29, 30, 32 Based on the correlation of the plasma frequency and reflectivity, it was suggested that this decrease was the result of a surface plasmon phenomenon. 30 Study of adlayer ͑self-assembled monolayer͒ formation led to the observation of consistent shifts in the decrease of the reflectance of the substrates. 31 Based on these observations, we predicted that a SPR effect similar to that observed on silver and gold would be observed on ITO and other CMOs using the appropriate geometry for coupling light into the conductor. 29, 30, 32 The Kretschmann configuration shown in Fig. 1 permits coupling of incident light into the thin conducting film, provided that the wave number and angle are matched to the surface plasmon frequency ͑ sp ͒ and wave vector ͑k sp ͒ of the thin film. 33 The prediction of SPR optical signals is well understood using optical constants obtained from reflectance data fit to multilayer Fresnel equations.
34 Figure 2 shows a dispersion curve generated using optical constants for ITO ͑n the index of refraction and the absorption coefficient͒ obtained from reflectance measurements. 29 Dispersion curves using the equation
are well-known for gold, 35 but the curve shown in Fig. 2 describes one for ITO. For coupling to occur, both the energy ͑h i ͒ and the momentum ͑hk i ͒ of the incident light must match the energy ͑h sp ͒ and momentum ͑hk sp ͒ of the surface plasmons. This requirement is fulfilled when p-polarized light impinges on the surface under the condition of total internal reflection at the appropriate angle, as shown in Fig.  1 . Point A in Fig. 2 indicates that surface plasmons will be observed at wave numbers below ϳ6000 cm −1 . Given the simplicity of the three-phase model, this agrees with the incident energy and angle of observed surface plasmons.
The coupling of the optical infrared radiation into the oscillations of the conduction electrons is demonstrated by a scanning angle SPR experiment shown in left panel of Fig. 3 . Figure 3 compares the three-dimensional SPR image of gold and indium tin oxide. For both thin films, arrow A refers to the reflectivity loss indicative of the surface plasmon resonance sp . The position of minimum reflectivity is sensitive to both incident light angle and excitation frequency and follows a contour as indicated in the images. The reflectivity image in Fig. 3 reveals that the SPR effect in ITO ranges in wave numbers from ϳ4200 cm −1 ͑ϳ0.52 eV͒ to ϳ6300 cm −1 ͑ϳ0.78 eV͒ and angle from 40°to 70°. The lower right panel in Fig. 3 shows that the angle dependence of the plasmon absorption in ITO becomes sharper at lower wave number. Although the current experiment is limited to wave numbers greater than 4200 cm −1 ͑0.52 eV͒, the calculated plasmon absorption for ITO in the midinfrared region is narrower than the features observed here, which is a trend that is also suggested by the data in Fig. 3 . The same effect is observed in gold as seen in Fig. 3 . In fact, the sharper angle dependence of surface plasmon on gold thin films was the original motivation for the design of the -2 stage, which was used in our study to measure the SPR effect on ITO. 36 The B arrow in the ITO reflectivity map indicates the appearance of the critical angle of the indium tin oxide. The absorption that is observed above the critical angle is p , while that below the critical angle is sp . The direct observation of p is consistent with the fact that the thin films of ITO are transparent above the plasma frequency. The situation is quite different for gold where interband transitions are observed above the plasma frequency 18 masking the optical signature of p .
The behavior of ITO surface plasmons in the wave number dimension is analogous to gold thin films. The top right panel of Fig. 3 shows the cross sectional spectral view of indium tin oxide from 40°to 70°. Two regions are apparent where the reflected intensity is reduced. The lower wave number intensity reduction labeled A corresponds to the surface plasmon sp . The surface plasmon sp is observed from the detector cutoff at 4200 cm −1 ͑0.52 eV͒ -6300 cm −1 ͑0.78 eV͒. A second reduction in reflected intensity, B, corresponds to the plasma frequency p of ϳ8700 cm −1 ͑1.08 eV͒ for light incident below the critical angle ͑ Ͻ 41°͒. With appropriate coupling obtained from the Kretschmann configuration the surface plasmon should be sp = p / ͱ 2 ϳ 6100 cm −1 ͑0.76 eV͒, which agrees well with the data shown in Fig. 3 . Above the critical angle, light is totally internally reflected and only the lower energy surface plasmon band ͑ sp ͒ is observed. The primary plasma band ͑ p ͒ in ITO has been measured to be ϳ0.8 eV using highresolution energy loss spectroscopy, 37 which agrees well with the optical signatures measured using FTIR reflectance spectroscopy.
The relationship between optical plasmons and bulk plasmons studied by valence electron energy loss spectroscopy ͑VEELS͒ provides further information on the nature of the conduction electrons in metal oxide thin films. The two methods provide complementary information on the propagation of longitudinal plasmons ͑SPR͒ and transverse plasmons ͑VEELS͒. VEELS has enhanced spatial resolution with an energy resolution of ϳ1 eV. 38 In Fig. 4 , the volume plasmons of ITO are compared with a pure elemental semimetal, silicon and an insulator, silicon dioxide. This plasmon energy is calculated from the difference between the zero loss energy peak ͑not shown͒ and the low loss energy peak. As shown, silicon ͑B͒, has a volume plasmon energy of ϳ16 eV as compared to ϳ19 eV for ITO ͑A͒ and ϳ28 eV for silicon dioxide ͑C͒. The trend in the volume plasmon measured by VEELS is consistent with the ordering of conductors, semiconductors, and metals. The energy required to excite an electron into the conduction band in the volume plasmon increases in the order metalϽ semimetalϽ semiconductor Ͻ insulator. For example, the volume plasmon of gold is a broad band peaked at ϳ16 eV. 39 The contrast of the energy range in Fig. 4 for the volume plasmons and the energy observed in Fig. 3 for the surface plasmons demonstrate that the optical signals observed do not arise from volume plasmons.
The observation of a SPR effect on ITO extends the application of optical plasmons to a broader range of materials, the conducting metal oxides. Although data are presented only for ITO, the results are relevant to the entire class of CMOs, both sp and d-type. Using a simple optical method the physical consequences of methodical changes in charge carrier density, film thickness, and composition of matter can be systematically tested in hundreds of thin film materials. Applications can be enhanced by development of thin film technology in porous, machinable, and optically tunable substrates. ITO is already widely used in applications such as heat shields on windows from oven doors to spacecraft windows. 40 ITO is also widely used as a Faraday coating on computer monitors. Doped tin and indium oxides have application as conductimetric sensors. 39, 40 The electrochemical stability of the conducting metal oxides compared to gold and silver presents another set of possibilities. 41 While gold is electrochemically oxidized at 0.8 V, ITO can withstand voltages of greater than 1000 V in solution or polymer films. Other conducting metal oxides such as iridium oxide and ruthenium oxide that can be deposited on silicon semiconductors as thin electrode surfaces also show optical properties indicative of surface plasmons in the nearinfrared region. 32 The optical methods outlined here are also useful as a surface conductivity probe since reflectivity and charge carrier density can be simultaneously monitored during the annealing step of a thin film using optical methods. From a fundamental point of view, it is of great interest to have this class of unique materials to test the effects of surface plasmons, which have been area of intense investigation and some controversy for the past 30 years.
